Abstract -A comparative examination of electrostatic distribution treatments of salting-out and other approaches such as "scaled particle theory" is given. Treatments that take into account some ion-specific parameter such as the radius of the primary solvation co-sphere or some related equivalent quantity such as the ion's partial molal volume, give best agreement with experiment. Structural effects of a non-electrostatic kind are important in associated solvents but are most difficult to deal with in a satisfactory a priori way.
INTRODUCTION PhenomenoloW and approaches
The solubility of non-electrolyte solutes (1) in solvents (2) is usually specific to the molecular structure, polarity and donicity of the 1 ,2 binary system, corresponding to the standard free energy change, Lt°, of the solution process. If component 1 is a dilute gas, solute-specific effects arising from intermolecular interactions in the solid or liquid lattices of 1 are avoided, making the interpretation of specific t°values for 1,2 mixtures one stage less complex.
Since salting-out (or salting-in) effects are measured by changes of solubility, we are fortunately not concerned directly with the specificities that arise in solute solubility itself on account of solute size, polarity and polarizability, H-bonding etc., although these specificities have some indirect role in determining the changes of solubility induced by ions through non-electrolyte and ion-solvation co-sphere interactions in near nei ghbor encounters.
In the presence of a dissolved dissociated electrolyte, a fraction of the solvent molecules, dependent on the concentration and stoichiometry of the dissolved salt, suffer solvational interaction with the ions and thus becomes diminished in activity, leading to "salting-out" of the dissolved non-electrolyte solute (2) . The solvation of the ions of the electrolyte also leads to a self-salting-out effect which is a significant factor determining the activity behavior (Ref s. 2,3) of electrolytes at concentrations > ca. 1M . The formal thermodynamics of these situations is easily represented by the eqiiitions below but an a priori quantitative account of salting-out effects is quite difficult to achieve if saTt ion specificities are to be at all well accounted for.
Adequate theories of salting out must take into account: a) the structure of the solvent (Refs. 4, 5) in the absence of solutes, and its own radial distribution function; b) changes of structure and entropy of the solvent (Ref. 6 ) in the neighborhood of cations and anions of the electrolyte and in the neighborhood of the nonelectrolyte solute; c) the distribution functions for solvent around the ions and the non-electrolyte solute; d) the electric polarization and associated dipole orientation about the cations and anions of the electrolyte (usually ion-and charge-specific) and e) the average integrated effects associated with factors (a) to (d) about the ions out to several molecular diameters of solvent molecules from the ions. Most work on salting-out has been done in highly associated solvent media -water and alcohol/water mixtures (Ref. 17) . In some ways, however, such solvents present the greatest difficulties In developing quantitative, ion-specific accounts of salting-out owing to the role of structural changes (and associated entropy effects) Induced locally in the H-bonded solvents by the ions of the added electrolyte. Easier interpretationc might be achieved In work on unassociated but polar aprotic solvents such as CH3CN and DMSO. However, in such solvents, a complication of a different kind arises: In all but the most dilute solutions, electrolytes that are employed to study the salting effect remain substantially Ion-paired.
Some advantage arises In treating the salting-out of spherical or quasi-spherical nonelectrolyte solutes, e.g. noble gases, CHk, C(CH3)L+ since the geometric distribution of solvent molecules around the solute is spherical and no localized dipole, asymmetrically situated in the molecule, is present.
TREATMENTS OF SALT EFFECT ON NON-ELECTROLYTE SOLUBILITIES
1. Formal thermodynamics. Saturation solubility equilibrium of a substance between e.g. the gas-phase, g, and a solution phase, s, is determined by the condition = i.e.
t°g+RT in fg= °5+RT in S° +RT in -y° (1) where f is the fugacity of the gas, S° the saturation solubility in pure solvent and y the act?vlty coefficient, usually taken as 1 in the pure solvent. In the presence of a salt, S°Is changed to S and y° to y, due mainly to the Interaction of the salt ions with the solvent. Then in S0/S = in y. (2) Salting-out arises when y> 1 and salting-in when y < 1. These treatments suffer from three serious weaknesses: (i) the Boltzmann factor in the polarization energy difference AUe/kT was linearized which, near the ion, where the field is high, is inadmissable; (ii) dielectric saturation effects, important near the ion, were not considered (this factor makes it more inadmissible to linearize the Boltzmann exponent); (iii) the term used (Refs. 9,17) for electrostatic polarization of the sol- The electrostatic energy iUe was taken as
where P is the polarization of non-electrolyte given by 4. ILNA(a + i/3kT), V is the partial molar volume of non-electrolyte, c the dielectric constant of the solvent and a the polarizability of i.
= l/9(n2 + 2)22 where n is the refractive index and the dipole moment of the non-electrolyte. (cE2/8iN,) V corresponds to the polarization energy which solvent molecules experience in the field E of the ion. The first integral in eqn. (5) can easily be evaluated when AUe/kT >> 1, as it normally is near the ion (a < r < rh). It is simply the volume of the primary hydration shell of the ion from which the non-electrolyte solute i is virtually completely excluded.
Introduction of this parameter rh allows specificity of ion-solvent interaction to be taken into account since rh measures an effective radius of the primary solvation shell [h r2g 5(r)dr +$ (E2/8kTN)eg± (r)r2drJ(E2/8kTNA) p r2 dr] (7) g 5(r) does not enter into the last integral since that term involves interaction between nbñ-electrolyte (n.e.) and the ions and nothing is known about gne s(r) for non-electrolytes, although it is important for refinement of calculations invoTving ion non-electrolyte co-sphere encounters. As in eqn. (5), the first integral in eqn. (7) deals with the almost complete exclusion of i from the primary solvation shell of the ion. In practice, eqns. (5) or (7) must be written (for a simple 1:1 electrolyte) as the sum of two sets of terms, one for the cation and one for the anion, each with its respective ionic parameters (a, rh).
While electrostatic calculations of sal ting-out of gases give a fair account of the trend of AS/S° with ionic charge and radius for a given gas salted-out by a series of salts, they do not give any basis for specific solute and solvent structure effects in salting-out. Such effects are very difficult to calculate from first principles and would require detailed knowledge of the radial distribution functions g+,(r), g_ ne(r) and g, 5(r), and of any dependence of gne 5(r) on the presence of the ion for situations where n.. is near an ion (co-sphere interaction effects).
Dissolution of a gas atom or molecule requires first the formation of a cavity (Ref. 21) of suitable size in the solvent. The cavity formation process itself involves an entropy and enthalpy change. After the gas particle has entered the cavity, new interactions between the solvent particles and the solute arise with a corresponding entropy change. Restriction of the particle to a "free volume box" in the solvent usually involves a substantial loss of translational entropy while the reaction of the solvent particles surrounding the solute may involve an increase or decrease of entropy, especially in water, depending on whether hydrophilic or hydrophobic interactions predominate.
In the case of a polyatomic gas, dissolution will also result in loss of some rotational entropy as the particle suffers restrictions to its rotational freedom (libration)
i.e., the rotational partition quotient, which is the term before the sinh, is multiplied by the function sinh UL/kT / UL/kT where UL is the potential well in which restricted rotational oscillations arise. It is obvious that as UL/kT ÷ 0, q + and the entropy increases; conversely, when UL/kT >> 1, the entropy is decreased.
In the case of polyatomic gases, the entropy associated with restricted rotation will itself be sensitive to solvent-structure around the cavity in which the librations are executed, since UL will depend on how the H-bonding amongst water molecules in the cavity is affected by the gas particles occupying the cavity.
General factors in salting-out are listed in Table 1 . (ii) Van (ii) Modification of cavity formation energy for cavities formed near ions.
(iii) Modification of cavity reaction behavior when gas enters cavity near an ion in comparison with cavity in free bulk solvent.
(iv) Hydrophobic bonding with certain ions by sharing of structure-enhanced regions around ion and gas solute (co-sphere and cavity sharing).
(v) Dependence of librational entropy of polyatomic gases on cavity properties near an ion.
4. Treatments based on scaled-particle theory. In recent years, applications of scaledparticle theory (Ref. The solubility S in the salt solution is evaluated by regarding the electrolyte solution as a different type of "solvent" for the non-electrolyte from that in the absence of salt. The following relation for S is obtained (Refs. 14,15) (9) where g is the free-energy of cavity formation, g ne the free-energy of introduction of non-electrolyte into the cavity (this includes the energy of interaction with molecules in the walls of the cavity, plus any energy associated with Isreaction of the cavity [ changes of H bonding and orientation] to the presence of the non-electrolyte). p . are number densities (particles per cc) of the various species 3 in solution taken asempirical parameters in the scaled-.particle theory. The use of these empirical p3. it is to be noted, introduces an unfortunate empirical aspect into the treatment since specificities of ion-solvent polarization and interaction are hidden in these terms.
Evaluation of the Setschenow coefficient k (eqn. 3) requires evaluation of the derivatives of gc gc ne and ln p3 with respect to ionic concentration. The last factor is relatively easily evaluated and gives a contribution to the overall salting-out The contributions to k from dg/dc+ and dg ne'cc÷ are more difficult to calculate but the results, after some extensive ñiathematis, arê (Ref. 14)
[l 1X
9,2°,2 + (11) where pis the dipole moment and a the polarizability of water, oj are intermolecular distances between 1 = non-electrolyte, 2 = water, 3 = cation and 4 = anion. The terms l' 2 and involve V, the radii of the species in solution, the ionic concentrations, and the density and molecular weight of the solvent. An expression can be deriyed for dgc/dc which involves only a series of numerical factors, the diameters a and the V°for the ionc components. The quantities required for the calculation of the overall k are, in summary, V° for the salt, the diameters and polarizabilities of the cation and anion, the diameter of non-electrolyte solute, the energy parameter e1/k and the polarizability a1 of the non-electrolyte. For all systems k1 is positive which implies that it is more difficult to form a cavity in the ionic solution than in water itself. This is understandable, since the attractive interaction between an ion and solvent dipoles will make it more difficult to form cavities near the ions, i.e., where the salting-out effects originate.
Salting-outandionidhydration 269 The negative values of k2 are interpreted (Ref. 14) in terms of the non-electrolyte experiencing a net attractive force in the cavity when water molecules in the surrounding walls of a cavity are replaced (in part) by an ion. This is expected, since the nonelectrolyte experiences polarization interactions due to the field E of the ion (-1/2 1 Er). This effect Is thus analogous to pj of the dielectric polarization energy iference term tU employed in the distributThWtype theories. The k3 terms are relatively small. The other part is involved in the energy required to form a cavity near an ion, a process in which water molecules must be removed from their favorable position of interaction with the ion. It is evident that this part corresponds to the ion-solvent dielectric polarization component of the 1e term of eqn. (4) . The advantage of the distribution type theories is that these energies are calculated directly and their difference determines the salting-out coefficient after integration over the volume of solvent Influenced by the ions. Specificities in ion-solvent interaction which are reflected in the experimental dependence of k on the identity and charge-type of the salt are included in the scaled-particle treatment in the V and terms.
It has been stated (Ref. 15 ) that an advantage of the scaled-particle theory is that all structural aspects of the Interaction of the solute with the solvent (cf. Ref. In the application of this theory to salting-out phenomena, it is claimed (seemingly as an advantage) that the treatment "makes no appeal to assumptions concerning solvent structure, ionic hydration, etc.. and that, in addition, "the ionic charge has little direct influence on salting_outis. It must be stressed, however, that there is clearly demonstrable experimental dependence of salting-out constants (Refs. 11,12), k, on ionic charge and radii in salt solutions, but that the effects are obscured by use of empirical densities in the scaled-particle theory; the essential electrostatic effects (primary In fact, the salting-out is really evaluated as the difference of solubility in two kinds of solvents, the ion-free and the ion-containing one without any direct reference to the essential electrostatic interactions and structural modifications which ions are known to make in polar solvents, especially water.
Statistical-mechanical treatments of salting-out effects have been given by Haugen and Friedman (Ref. 22) and by Krishnan and Friedman (Ref. 23 ). In the former paper, simplifications were introduced which made the treatment equivalent to earlier electrostatic calculations. In the latter paper, Setschenow coefficients were calculated on the basis of a model, similar to that used in previous Ion-ion and ion-solvent interaction calculations, for which the interaction potential U as a function of distance r is given by
The COR term is a core repulsion term, the CAV accounts for dielectric effects and the GUR term is a solvation-shell co-sphere overlap effect characterized by a parameter A,q having the significance of a free energy change per mole of solvent displaced from the sharing of co-spheres of an hydrophobic non-electrolyte (benzene) and an hydrophobic ion (R4N type) could lead to salting-in effects without recourse to calculation of dispersion interactions (although tTise will always be significant [cf. 17, 20] McDevit and Long12
Salting-out and ionic hydration 271 7. Salting-out in relation to field effects on adsorption at charged interfaces: The problem of calculation of salting-out of non-electrolytes near ions is closely related to that of evaluation of potential or surface-charge dependence of adsorption of neutral molecules in the double-layer at electrified interfaces. The field due to ions is replaced by a double-layer field determined by the surface charge density on the electrode (or colloid) surface. Primary hydration has its analogue in solvent orientation in the double-layer in response to the field established by the charged surface.
The adsorption of a non-electrolyte is normally a maximum at or near the potential of zero charge. Increasing causes polarization of both solvent and non-electrolyte. The non-electrolyte is relatively excluded ("salting-out" field effect) from the compact region of the double-layer in relation to the solvent when the latter is more polarizable, per unit volume, than the adsorbate. Even for highly polar adsorbates, such as glycine (dipole moment, ca. 15D), adsorption from water at the Hg electrode is decreased by increasing electrode EFarge density.
The adsorption problem can be treated in terms of classical dielectric theory with an appropriate polarization energy term for associated polar dielectrics. Alternatively, in recent treatments, the change of energy of adsorption with increasing can be evaluated by calculating the energy required for displacing oriented solvent molecules in the double-layer by the non-electrolyte adsorbate. The energy of the solvent molecules increases with surface charge as also does their relative orientation. A two-state model with or + orientation was used. An adsorption maximum at = 0 is predicted with an almost correct diminishing extent of adsorption, analogous to salting-out, with increasing ± .
